IN THE MAMMALIAN KIDNEY the protease renin is predominantly produced and stored in cells of the medial layer of the afferent arteriole close to the point where the vessel breaks up into the glomerular capillary network. At this site, renin-producing cells, identifiable by the presence of numerous renin storage granules, replace the typical smooth muscle cells in the medial layer and form the walls of the vessels entering the glomeruli. Cells of the efferent arterioles or the extraglomerular mesangium only rarely express renin, although this varies to some extent with the animal species (25) . The typical juxtaglomerular position of renin-producing cells is the endpoint of a highly plastic expression of renin during the development of the kidney. The developmental changes of intrarenal renin expression occur along the same pattern in all mammals, including man (3, 8 -9, 12-14, 19, 23-24, 28, 34) , but they have been studied in greatest detail in mouse (24) and rat kidneys (13) . In the embryonic kidney, renin expression is first present in the undifferentiated metanephric mesenchyme of the kidney before vascularization of the kidney has occurred (38) . Later, during fetal renal development, renin expression is also found in the developing renal artery and in interlobar and arcuate arteries. Subsequently, renin expression is observed in the developing interlobular arteries, whereas it is silenced in the bigger vessels. Around the time of birth, renin expression in mice and rats has condensed to newly developed afferent arterioles and has disappeared from interlobular arteries. With ongoing postnatal maturation of the kidneys, renin expression becomes more and more restricted to the terminal part of the afferent arterioles, i.e., to the juxtaglomerular position.
The mechanisms responsible for the successive activation and silencing of renin expression in the various segments of the developing intrarenal arterial vasculature are largely unknown. Likewise, the causes for the striking juxtaglomerular position of renin expression in the adult kidney have remained hypothetical (10, 35) . The functional relevance of this characteristic shift of renin expression in the developing mammalian kidney also is not entirely clear. It has been hypothesized that renin expression may be critical for the development of afferent arterioles, since renin expression has been observed to localize to arteriolar branch points, where it precedes the budding of new arterioles (36) .
A suitable approach to possibly obtain hints for the mechanisms involved in the characteristic switch-on of renin expression in the different segments of the intrarenal arteriolar tree is to consider the molecular mechanisms regulating renin gene transcription. The present knowledge about this process suggests two candidate factors for the developmental expression of renin. One is the Hox transcription factor, which is generally known to be relevant for development. The renin gene promoter contains a Hox-binding consensus motif, the deletion of which strongly reduces basal renin promoter activity, at least in vitro (31) (32) (33) . A second transcription factor of major physiological impact is the cAMP response element (CRE) binding factor (CREB), for which several binding sites in the human and mouse renin promoter have been identified. Deletion of CRE sites also has been shown to lower renin promoter activity and to attenuate or blunt its stimulation (1, 11, 22, 30, 32, 41, 44, 45) . Strong supportive evidence that the CREB/cAMP signaling pathway plays an important role for basal and regu-lated renin expression in the adult kidney comes from experiments in which G s ␣, the crucial G protein mediating receptorinduced activation of adenylyl cyclase, was selectively deleted in renin-producing cells (4) . In these mice, basal renin expression was very low, and it responded only minimally to stimuli that typically activate physiological control mechanisms of renal renin expression and secretion (4) . In view of this apparently crucial role of the cAMP pathway for the expression of renin and its regulation in the mature kidney, it is conceivable that this signaling cascade also may play an important role in the development of renin expression in the kidney. In the present study we have therefore characterized the spatiotemporal expression of renin in mouse kidneys developing in the absence of G s ␣ in renin-producing cells. 
MATERIALS AND METHODS

Animals
GnasE1
fl/fl ). In our experiments we investigated in both genotypes in four adult kidneys and in three to five animals of the fetal or postpartal stages. Genotyping was done as previously described (4) . Animal care and experimentation were approved by the National Institute of Diabetes and Digestive and Kidney Diseases Animal Care und Use Committee and carried out in accordance with National Institutes of Health principles and guidelines for the care and use of laboratory animals.
Immunohistochemistry for renin and ␣-smooth muscle actin (␣-SMA). Kidneys were sampled from fetuses at embryonic days 16 and 18 after formation of vaginal plugs (embryonic day 0), from pups at postnatal day 1, and from adult mice. After death, kidneys from fetal and newborn mice were dissected and fixed for 24 h at 4°C in methyl Carnoy's solution (60% methanol, 30% chloroform, and 10% glacial acetic acid) (37) . Kidneys from adult mice were perfusion-fixed with 4% paraformaldehyde. The fixed kidneys were dehydrated by a graded series of alcohol solutions (2ϫ 70, 80, 90, and 100% methanol), followed by 100% isopropanol for 0.5 h, and embedded in paraffin.
Immunolabeling was performed on 5-m paraffin sections. After blocking with 3% H 2O2 in methanol for 20 min and with 10% horse serum-1% BSA in PBS for 0.5 h at room temperature, sections were incubated with chicken anti-renin IgG (diluted 1:200; Davids Biotechnologie, Regensburg, Germany) and mouse anti-␣-SMA IgG (diluted 1:100; Beckman Coulter, Immunotech, Krefeld, Germany) overnight at 4°C. After several washing steps and blocking with phenylhydrazine, the sections were incubated with Cy2-conjugated donkey anti-chicken IgG and rhodamine (TRITC)-conjugated don- Three-dimensional reconstruction. Digitalization of the antibodystained serial sections was performed using an AxioCam MRm camera (Zeiss, Oberkochen, Germany) mounted on an Axiovert200M microscope (Zeiss) with fluorescence filters for renin and ␣-SMA (TRITC, filter set 43; Cy2, filter set 38 HE; Zeiss). After acquisition, a stack of equal-size images was built using the graphic tool ImageJ (Wayne Rasband; NIH, Bethesda, MD). The equalized data were then imported into the Amira 4.1 visualization software (Mercury Computer Systems, Chelmsford, MA) on a Dell Precision 690 computer system (Dell) and split into the renin and ␣-SMA channels. After this step, the renin and ␣-SMA channels were aligned. In the segmentation step, the ␣-SMA and renin data sets served as a scaffold and were spanned manually or automatically using gray scale values. Matrixes, volume surfaces, and statistics were generated from these segments. Measurement of the length of the afferent arterioles was done using Amira 4.1 visualization software (Mercury Computer Systems). For analysis, at least 50 afferent arterioles from both genotypes at each developmental stage were compared.
Statistical analysis. Values are means Ϯ SE. Differences between both genotypes were analyzed by ANOVA and Bonferroni's adjustment for multiple comparisons. Probability values Ͻ0.05 were considered statistically significant.
RESULTS
Renal vascular development.
Arterial preglomerular trees from wild-type (WT) mice and from mice with renin-expressing cell-specific deletion of G s ␣ (RC-G s ␣ Ϫ/Ϫ ) were reconstructed at different stages of development from serial sections stained with renin and ␣-SMA antibodies. Based on our previous experience, the developmental stages at which major changes of renin expression in the kidney occur were chosen (37) . Figure 1 shows representative two-dimensional immunohistochemistry of kidneys at days 16 and 18 of development, 1 day after birth, and after maturation. At day 16 of embryonic development, the renal artery had divided into two interlobar arteries, which in turn branched into arcuate arteries composed of the arcuate trunks and their eponymous Tshaped arcs ( Fig. 2A) . At this stage, side branches had arisen from the concave side of the arcuate trunks forming the afferent arterioles of juxtamedullary glomeruli. In addition, side boughs were seen to diverge at right angles from the convex side of the arcuate trunks, and these later develop into cortical interlobular arteries (Fig. 2, A and E) . At this stage of development, no divergence in the general shape of the vascular tree could be found in the kidneys of mice with renin cell-specific G s ␣-deficiency (Fig. 2, B and F) . We noticed, however, a paucity of branches and shortening of afferent arterioles in G s ␣-deficient mice already at day 16 of development. This phenomenon persisted until adulthood (Fig. 3) .
On embryonic day 18 (Fig. 2, C and G) , the formation and elongation of later interlobular arteries from arcuate trunks and T-shaped arcs had progressed, and the branching of afferent arterioles from these segments had continued. Although the global architecture of the preglomerular arterial tree in mice with renin cell-specific absence of G s ␣ protein was not apparently different from that of WT (Fig. 2, D and H) , there was a paucity of branches and branching points. Until 1 day after birth, the side arteries had developed further and had processed an increasing number of juxtamedullary afferent arterioles in both normal and RC-G s ␣ Ϫ/Ϫ mice (Fig. 4, A and D) . At this stage, numerous ramifications branched off from T-shaped arches of the arcuate arteries, indicating the beginning formation of interlobular arteries (Fig.  4, A, B, D , and E), in the subcapsular zone. With further development, the growth of cortical radial interlobular arteries and their associated afferent arterioles continued until they formed the typical radially arranged and exceedingly long interlobular arteries from which the afferent arterioles branch off in the adult kidney (Fig. 4, C and F) . In addition to a decrease in length of the afferent arterioles, the number of cortical afferent arterioles was somewhat reduced in adult RC-G s ␣ Ϫ/Ϫ kidneys, although the gross architecture of the preglomerular vessel tree was similar to that of WT kidneys (Fig. 4, C and F) .
Development of renin expression. Intrarenal renin expression in WT mice was first observed at the early metanephric stage, when single renin-expressing cells developed at the more distal part of the arcuate arteries. From this initial site, renin expression was found to expand along the arcuate side arteries as well as along the proximal part of the arcuate arteries (embryonic day 16) (Fig. 2, B and F) . Compared with WT mice in which renin-expressing cells covered nearly the entire arcuate arteries, RC-G s ␣ Ϫ/Ϫ mice showed no renin expression in these vessel segments. Renin-expressing cells were occasionally found in branching afferent arterioles (Fig.  2, A and E) . On day 18 of embryonic development, renin expression had shifted from the proximal to distal parts of the preglomerular tree (Fig. 2, D and H) and showed an intermittent expression pattern. In RC-G s ␣ Ϫ/Ϫ mice, in contrast, renin expression was largely absent in the preglomerular vessel tree and was again only found in single side boughs of future juxtamedullary afferent arterioles (Fig. 2, C and G) .
On day 1 after birth, renin had disappeared from the arcuate arteries and was mainly found in large interlobular side arteries and in afferent arterioles in a striped, discontinuous pattern (Fig. 4, B and E) . Essentially no renin expression could be demonstrated in RC-G s ␣ Ϫ/Ϫ mice (Fig. 4, A and D) . Finally, our results confirm the well-known restriction of renin expression to the terminal part of the afferent arteriole in the adult kidney (Fig. 4F) . Again, kidneys of adult RC-G s ␣ Ϫ/Ϫ mice were largely devoid of detectable renin expression (Fig. 4C) . At all developmental stages examined in this study, renin immunoreactivity was found only in association with blood vessels. Our study, however, does not rule out the possibility that extravascular renin expression in the kidney also may occur, which might have escaped our notice because of technical limitations produced by the fixation procedure or the sensitivity of the renin antibody.
DISCUSSION
The results of this study show that renin-expressing cell -specific deletion of the guanine nucleotide binding protein G s ␣, which couples membrane receptors to stimulation of adenylate cyclase activity, was associated with a nearly complete abolition of renin in the developing mouse kidney. Thus the cAMP signaling cascade appears to be of critical importance for the initial appearance of renin in larger renal vessels during kidney development. Furthermore, it is conceivable that this pathway might be also required for its typical shift from the larger vessels to the juxtaglomerular portions of afferent arterioles. Since G s ␣ mediates receptor-induced activation of adenylyl cyclase and cAMP formation, our findings imply that extracellular ligands coupled to G s ␣ are responsible for the characteristic spatiotemporal pattern of renin expression in the devel- oping kidney. The nature of these ligands is unclear. Catecholamines exert profound effects on renin expression and renin release via activation of G s -coupled ␤ 1 -adrenergic receptors (7, 17, 20) . Adult mice with an abrogation of ␤ 1 /␤ 2 -adrenoreceptors have been shown to have a greatly reduced basal renin expression and reduced regulatory responsiveness (20) . Since ␤-adrenergic receptors are expressed in fetal kidneys (26) , their activation may be responsible for stimulating the cAMP/PKA cascade. Cyclooxygenase (COX)-2-derived prostanoid signaling through G s -coupled prostaglandin E (EP) or prostacyclin (IP) receptors on juxtaglomerular cells serves as an important regulatory pathway of renin expression in the adult kidney (6, 16, 21, 27, 43) . However, since COX-2 is only expressed at very low levels in the fetal kidney, the role of these receptors in initiating renin expression may be less likely (18) . Nevertheless, the technique used in the present study will permit a more direct evaluation of ␤-adrenoreceptors and COX-2 in the developmental regulation of renin expression.
Expression of Cre recombinase under control of the endogenous renin promoter was achieved by replacing one allele of Ren1d with the Cre gene. Thus the Cre-expressing animals used in this study possess only a single copy of the Ren1d gene in addition to the two copies of Ren2. Since deletion of one renin allele does not cause a change of phenotype even in mouse strains without Ren2 (38) , the marked reduction of renin expression as seen in our study did not result from the loss of one Ren1d allele. On the other hand, as shown previously (4), heterozygous Ren1d-driven Cre expression is obviously capable to generate Cre activities sufficient to effectively excise floxed G s ␣ alleles.
The expression of renin and its spatial and temporal development were severely affected by renin cell-specific deletion of G s ␣, and as a consequence, the total number of arterioles and the length of the afferent arterioles were diminished. This finding is in conformity with the notion that the distribution of renin during development is associated with branching of the renal arterioles (36) . In fact, previous reports showed striking alterations in the kidney vasculature of animals with either inhibition of angiotensin actions (42) or with deletion of the renin-angiotensin system (RAS) genes. Vascular alterations are accompanied by additional abnormalities, including tubular and medullary underdevelopment (40, 42) . The structural abnormalities of RAS deficiency are to a large extent postnatal events, when most of the kidney vascular branching occurs, and are usually more pronounced, including arteriolar thickening, and have been described as delayed or arrested maturation (42) . In the present study, RC-G s ␣ Ϫ/Ϫ mice still have residual renin production and renin secretion (4), which might explain why the vascular phenotype in these mice is somewhat moderate than that seen in mice with a complete interruption of the RAS.
Our data indicate that a G s ␣-dependent mechanism is critical for the activation of the renin promoter in early embryonic development. Two possibilities may be considered as to how renin promoter activity could be regulated. It is conceivable that renin promoter activity is initiated through a Hox-dependent pathway independent of cAMP (31) (32) (33) , which in consequence leads to a shutdown of the cAMP signaling pathway by the deletion of G s ␣. In such a scenario, cAMP could still be relevant for the maintenance of renin promoter activity, but not for its initiation. A second possibility would be that Ren1d promoter activity in renin cells is not only maintained but also initiated by the cAMP cascade. If so, one has to postulate an early elevation of cAMP in potential renin-producing cells, an event that would not occur in the absence of G s ␣. Our experiments do not permit a distinction between the induction and maintenance function of cAMP for renin expression in the developing kidney. The very low, but nonetheless existing, expression of renin in the absence of G s ␣ may suggest an initial cAMP-independent activation of renin promoter activity. It could, however, also be explained by a quantitatively incomplete disruption of the G s ␣ gene or by cAMP formation independently of G s ␣. It is known that G s ␣-independent modulation of cAMP can occur, for example, by activation of adenylate cyclase isoforms AC5 and AC6 (2), both of which are expressed in renin-producing cells (15, 29) . In any case, the very low renin expression implicates the quasi-complete excision of G s ␣. This in turn requires that renin expression must be initially high enough to ensure Cre activity sufficient to delete floxed G s ␣ alleles.
Altogether, the results of our study suggest that receptor induced cAMP signaling is critical for vessel associated renin expression during kidney development. Whether cAMP acts as the fundamental stimulator of renin gene expression or more as an enhancer remains to be defined. It also remains to clarified which endo-or paracrine factor(s) stimulate(s) cAMP-signaling in renin cells to activate or to enhance renin gene expression during kidney development.
